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£  STUDY  or  lU.TERI/JiS 

rOR  USE  •  ITil  Ph~dSH-lg^.US  .'ITd  SlJjH-IliR  B.U..  RING  FUELS 

P.DRT 

S:i-J.IIIT;.TION  0?  C0L3USTICT>I  CILM\S  COLIPaOTTS 

ERiciS 


1 «  'Hho  protection  offered  by  oxide  films  and  corrosion  product  during 
the  static  laboratory  tests  was  not  reproducible  under  combustion  condi- 
tious.  ine  action  of  fast-moving  gas  and/or  licuid  droplets  of  niota- 
phosphoric  acid  in  the  combustion  system  led  to  extremely  high  motel  loss 
by  01*0  01011  as  v;ell  as  corrosion* 

2,  This  pert  of  the  report  includes  a  microscopical  study  of  sections 
tal:en  IVom  dejne^ed  components  after  exposure  to  phosphorus-phosphorus 
SGscuisulphide  (PPS)  combustion  products*  The  examinations  were  carried 
out  at  various  stages  of  the  PPS  programme,  principally  to  give  sorao 
iJidicr.tion  e.Q  to  the  cause  of  damage* 

3.  iiie  :;cport  shov/s  that  damage  can  be  caused  by 

(a)  corrosion  and  erosion  of  materials  by  liquid  phosphoric  acid 
contained  in  the  moving  combustion  streaOo  Products  of  the 
reaction  were  found  to  be  notcllic  metaphosphates  and  hydrogen* 

(b)  corrosion  and  erosion  of  materials  by  phosphoric  acid  vapour, 

the  piOu-Ucts  of  reaction  being  phosphides  or  phosphide  eutectics  dopenci^ig 
on  the  distribution  of  phosphorus* 


CONCLUSIONS 


^1-*  The  mechanisms  of  attack  associated  with  metals  when  exposed  to  tho 
phosphor's-phosphorus  sesquisulphide  (F?S)  combustion  gases  were  found  to 
he  si:ii3.ir  to  those  shown  by  metals  v/hen  exposed  to  the  synthetic  combus¬ 
tion  ctmosphores  used  for  the  static  laboratory  tests* 

5«  Ihc  2^rotoction  off’ered  adher:?n;  corrosion  product  during  st^/bic 
tost^  Was  not  reproducible  under  combustion  conditions*  The  action  of 
fr.Gt-mov::ig  gr.s  and  or  liquid  droplets  of  metaphosphoric  acid  in  tho  conw 
bustnon  chrmber  led  to  hi^  loss  of  metal  by  erosion  as  well  as  corrosion* 

6*  he oapliosphoric  acid  vapour  ’.vas  considered  responsible  for  the  produce 
tion  of  rn*..tcllic  phosphides*  Combustion  trials  lasted  only  a  natter  of 
muLiutcs*  Ivon  so,  the  metallic  scales  wore  foiand  to  contain  sufficient 
oiiis  to  supiDOrt  phosphide  formation* 

7*  ITiC  short  periods  of  exposure  led  to  uneven  distribution  of  phosphorus 
in  the  attc.cked  areas  rnu  eutectic  distribution  v/as  not  so  characteristic 
as  compared  with  the  results  from  the  much  longer  exposures  associated  with 
laboratory  tests* 
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Rgcoi:.mDATia;s  for  Furnts  vosk 


8#  Tuorn'o  worlc  shouldi include  the  use  of 

(a)  riiicro-rnclysis  techniques  to  identify  surface  eiid  grain  “boundary 
reactions  of  alloys  v/hon  exposed  to  the  PPS  combustion  products, 

(b)  Il-ray  diffraction  technicues  to  identify  deposits  md  corrosion 
products  formed. 

I'’utu:/e  v/oi\:  should  also  include 

(c)  combustion  tria.ls  using  test  samples  of  metals  v;hich  form  solid 

scalGS  or  corrosion  product  up  to  1500^C  l:o,  Ta,  ii* 

(d)  Phosphorus- phosphorus  sesruisulphide  combustion  trials  using 
test  samples  of  conventional  materiols  coated  \vith  non  aetcllic 
deposits  e*g.  clumiiiia,  silicon  nitride  end  else  vfith  the  above 
resistant  met?ls  end  their  alloys  using  vajx>ur  deposition  or 
electro-deposition  as  appropriate. 
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^^I^PPJJCTIOR 

5#  In  rxYLition  to  corrosive  atmosphere  end.  v/orking  temperature,  fc.ctors 
such  C3  flow  rate  of  workii^g  fluid,  non-equHibriura  associeted  with  prac¬ 
tical  combustion  conditions  end  pressure  within  the  system,  must  be  included 
in  the  overall  assessment  of  material  or  componont  damage. 

10,  'Ilie  protection  offered  by  adhering  corrosion  product  during  the 
static  loboratorj^  tests  was  not  reproducible  under  practical  combustion 
conditions.  The  corrosion  product  when  formed  was  readily  removed  by  the 
action  of  the  gas  stream.  This  affect  led  to  conjoint  attack,  i.e.  erosion 
and  corros?jon, 

11#  The  report  is  based  on  a  microscopical  study  of  the  surface  and 
sti-ucturrl  characteristics  of  combustion  chambor  components  aftor  high- 
tempcrc.ture  exposure  to  the  phosphorus-phosphorus  sosqui sulphide  (PFS) 
combustion  products.  The  examinations  were  carried  out  cit  various  stages 
of  the  FTo  progromne  principally  to  give  some  indication  as  to  the  case  of 
damage. 


EX/l?EhTION  1  ;  HKH  TRISILl  STEEL  SCIG7. 
0AK!ITJJ:  PLi’.TlD 


1,  head  end  last  seven  threads  had  been  affected,  the  apperorciicc 

be^ng  tliat  of  on  eroded  surface  (Figure  l)«  The  circumference  of  the  head 
had  boon  reduced  and  the  socket  enlarged  to  such  en  extent  that  the  well 
corrospcndiaig  to  one  side  of  tlie  hexagon  had  been  removed  almost  complc.tolj^ 
(li'i^.v.re  2), 

13.  I'icroscopicol  oxa.niincti_pn  showed  the  materiel  to  h£ve  a  uniform 
smarter. a itic  lype  structure,  i  hardness  survey  along  the  length  of  the 
screw  i,c.vc  D3ril  46O  maxlEium,  DH'I  440  minimua  indicating  the  rbsonco  of  over- 
hcr.ti:i{^-  or  ajiy  appreciable  temperature  gradient  during  the  trial,  ..  tli-hi 
scale  covered  the  head  cJid  damage  throads  of  the  screw,  Bioro  was  no 
evidence  of  intercrystalline  attcnl:. 

(Conclusion 

M-r,  it  is  considered  thtt  the  sot  sci/ew  had  suffered  dcmaigc  by  corrosion/ 
erosion,  in'csion  by  flowing  acid  probably  contributed  the  major  part  of 
tlie  v.c.ra^o. 


iiX.:  LI:  TI(y  2;  STiE'iLiSS  STBSL  THiJUJ2C0UFLE 


iiznn  illation 

15,  Figure  3  shov/s  that  an  aniea  of  the  pi-obe  appro xima.telj'^  0,7  inch  long 
and  half  the  circumference  v.’icio  had  a  highly- pol ished  appeeirajice,  ipproi-i- 
natcly  at  the  centre  line  of  this  area  and  adjacent  to  the  tip  of  the  probe 
a  lonpiLudinal  hole  had  been  formed. 


1  6«  1‘urthcr  excjnination  revealed  that  the  veil  thickness  had  boon  con- 
sidorcbl;^  reduced  rt  the  polished  area,  the  tree.  Ox  mexinum  reduction 
rosiltiiij  in  a  hole.  The  down  stream  side  of  the  probe  appeared  heavily 
pitted,  probably  due  to  Cu  fore  of  abrasive  blasting  by  extremely  fine  cor>- 
bustio:'  product  partial es. 

17*  The  thermocouple  probes  were  not  sectioned  for  microscopic  cl, 
cxamiia^tion. 

C_oncl^i;^ij^ 

18.  It  is  considered  that  failure  of  the  thermocouple  probe  wCvS  princi¬ 
pally  duo  to  ei'osioa  caused  by  fine  combustion  product  in  the  £:as  c^’oroam. 

The  flow  cf  liquid  droplets  of  phosphoric  acid  would  also  produce  a  polished 
caid  rounded  surface. 


TICT^ 


st;.ii^'l:>ss  siuix  dilwt 

T3i,f  RpIT  N0\  ^8 


i/uration  of  hot  run 
“’.cm  final  gas  temperatiare 
?v.cl/OxidGnt  Ratio 


1  30  seconds 

700°c 

5  per  cent  fuel  rich. 


rL::g.iTiinc.tion 


1  S',  xho  nouth  cjid  bore  of  the  diluent  i-ing  v<ere  covered  with  n  green 
deposit  cf  inorgenic  phosphrte.  The  rocr  fnee  was  partially  covei'ed  v/itli 
a  drj:*!:  adherent  metallic  scale,  Iho  scale  was  subsequently  fouiid  to  bo 
aognotic,  Tlie  conical  approach  well  ejid  areas  adjacent  to  the  water 
inj^-ction  holes  had  beon  badly  da-neged  (Figure  4).  The  rear  face  also 
si'i’forod  dfunego  (Figure  5)>  "^e  corrosion/erosion  pattern  being  dependent 
cn  the  location  of  the  water  injection  holes, 

20,  L':c  rose  epical  oxanination  of  sections  cut  from 

(a)  conical  wall  apr roach 

(b)  ou*oas  adjacent  to  the  injection  holes  auid  rear  face 

shov/e;'.  evidence  of  a  metallic  scale  containing  entrapped  particles  of  phos¬ 
phate  (iijvu’o  6).  i.rcas  within  the  scale  shca.'od  dcndi'itic  characteristics 
f.ssocia.tod  with  the  freezing  of  liquid  aietal  (Figure  7)«  Subsequent 
etc.’v'iig  revealed  the  phosphorus  rich  chru’actor  of  the  metallic  scale  but  a 
d-fduiito  eutectic  phase  could  not  be  cloixly  resolved  (Figure  8), 

21,  Those  saaplos  were  examined  using  the  Tlectrou  3:.aEi  X-Ray  mioro- 
ancl;'sor.  The  results  are  detailed  below.  X-ray  images  showing  the 
distribution  of  Fo,  Ki,  Cr,  Cu,  S  and  P  at  the  scole/oase  metal  interface 
arc  sizown  in  Figures  9  to  1 3  respectively. 


22*  ±he  examination  gave  the  following  information*  A  slov/  scan  for 
nickel  acrors  a  line  in  the  sample  indicated  that  the  nickel  concentration 
incre-*- sed  in  the  plain  areas  as  compared  to  those  areas  in  v/hioh  a  outootic 
type  structure  appeared*  The  concentration  of  iron  in  these  plain  ai'oas 
v;^as  also  found  to  be  high  while  that  of  phosphorus  appeared  to  be  lovfoi'* 

23*  The  concentration  of  chromium  in  the  phosphorus -rich  region  or  scale 
ras  low  rnd  no  narked  concentration  gradients  were  found  in  the  strdrJ.ess 
steel  at  tlie  base  metal/ scale  interface, 

2;;.*  appreciable  quantities  of  coppei’  wore  found  in  the  scale  {renorally 
evenly  distributed.  Small  ouantitics  of  sulphur  were  detected  .'aainly 
segi-ogetod  at  the  metel/scale  interface*  The  approxincte  concentrations 
of  Hi.csphorus,  Copper  and  chromium  in  the  scale  were  estimated  to  be  1C^  , 

4.  £»nd  3  respectively.  The  attack  on  monel  metal  components  up  stream  of 
the  rilr.cnt  ring  can  explain  the  presence  of  liquid  copper  phosphiae 
eutectic  entrapped  in  the  combustion  stream  and  subsecuent  presence  of 
th  in  the  attacked  surfaces  of  eii  alloj’'  cora]?onent  oriclncily  free 

fron  copper, 

C,pncl  usi  ons 

25.  It  is  considered  that  the  damage  to  this  component  was  caused 
prraiciprlli'  by  high-temperature  corrosion  from  phosphorus  compounds, 

26,  Tho  i.'icroscopical  examination  revu,8lod  the  presence  of  surface 
phccphicGS  and  phosiiiide  eutectics,  Micro-enclysis  confirmed  tho  presence 
of  phoephorus  in  sufficient  quantity  to  support  eutectic  phosphide 
forrv.tion. 


27,  ihosc  findings  suggest  that  during  the  extremely  short  exposure 
(13c  seconds)  the  surface  of  the  diluent  ring  exceeded  950°C,  i, c,  tho 
minimum  temperature  for  outectic  formation.  Liquid  acid  attack  '..icy  have 
contributed  to  the  total  damage  suffered  by  the  component  but  this  effect 
would  onl37-  be  of  minor  importance  compared  with  phosphide  formation. 


EX/J.^INATia?  no,  4;  TEST  RUN  KO.  ^ 


Component 


Supersonic  Nozzle. 


lif.terial 


IIJ58J  Stainless  Steel  protected  with 
0,003  inch  gold. 


-^'P.s.t  Conditions  -  Duration  of  trial,  120  seconds,  llean 

find  product  gas  temperature,  i^OO^C 
Puel/Oxident  ratio  :  fuel  rich. 


2C,  „!lic  upstream  surface  of  the  nozzle  v,'as  covered  with  a  green  deposit 
of  note  phosphate  (Figure  14).  The  thrort  area  showed  evidence  of  coa.trig 
feiliu’e  due  to  blistering,  Ihe  esdiaust  area  was  badly  blistered  and 
sl.o.rod  deposits  of  solid  corrosion  product.  The  rean  face  of  the  nosde 
w;:.£  t.  '.so  drmaged  (Figure  15). 


6, 


2^.  I!etall\irgical  e::amination  revealed  that  the  blistering  nay  have 
resulted  fron  the  effeot  of  heat  on  poor  quality  plating.  Irregulca’  pile 
up  of  gold  0.030  inch  thick  appeared  on  the  downstream  surfaces,  freas 
were  visible  where  the  gold  had  been  completely  removed  leaving  the  base 
metfi  e::posed  to  the  combustion  gases, 

Coiiclus.iqna 

30,  fhe  examination  failed  to  show  positive  evidence  of  direct  clieniccl 
reaction  between  combustion  phases  and  the  protective  gold.  It  is  con¬ 
sidered  that  the  damrge  to  this  component  was  caused  by 

(a)  chemical  attack  of  the  base  metad  through  cracks  and  pores  in 
the  protective  coating, 

(b)  the  action  of  the  fast  moving  gas/Liquid  acid  stream  over  tlie 
soft  gold  layer. 

31  •  However  it  is  difficult  to  account  for  the  large  pile  up  of  gold  on 
the  downstream  surfaces  unless  the  temperature  witlrin  the  chaniber  was  higher 
than  kCG°C, 


EXid'JIIi.TIObl  NO,  5;  TEST  RIM  HO.  39 


Companents 

(a)  hxperimental  Blade:  EN58J  Stainless  Steel, 

(b)  Circular  Rod  used  as  ‘Control’  :  Silver  Steel. 

Tjist  Conditions 

(a)  iuration  of  trial;  123  seconds, 

(b)  Ilecn  final  gas  temperature:  1000°C. 

(c)  liiel/Oxident  Ratio:  5;-  luaL  Rich. 

(d)  Components  exposed  to  the  jot  efflux  from  the  combustion 
chamber, 

StairJ. ^ss  Stael  Blade 

32,  Hio  leading  edge  of  the  blade  suffered  severe  erosion  while  the  canti’o 
had  been  virtually  removed  leaving  c.  vee  shaped  groove.  The  apex  of  tlio 
groove  Inost  reached  the  opposite  edge  of  the  blade  (Figure  16), 

33»  Ilicixjscopicel  examination  showed  on  almost  continuous  non-adhering 
motcllic  scale  at  the  damaged  surfaces  (Figure  17)»  Certain  areas  3ho\;od 
evidence  of  intercrystalline  attack  and  deposits  of  metaphosphate  asso¬ 
ciated  wit:  the  metallic  scale,  (Figure  1C),  Subsequent  etching  revealed 
that  t’  o  scale  contained  eutectic  phosphides  (Figure  19). 


COMFIDWIAL 
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ConcluGions 

3^-,  lu  is  consid'jrcd  thct  the  dr-rnr^o  to  this  component  v;r.s  caurcd  jy 
reaction  botr.-oon  base  nctf*l  and  phosphoric  acid  (probably  mo tapho spheric 
vapova^)  ultimately  resulting  in  tho  formation  of  lov;  molting  poliit  nhos- 
phidcSt  These  compoionds  once  formed  would  be  rapidlj^  removed  by  the  action 
of  the  gas  stream. 

o ol^  used  as  ^*Control” 

35.  -fno  tip  of  the  exposed  end  had  boon  completely  romovod  \/hiLo  the 
remainder  apperred  to  be  covered  v/ith  a  dark  metallic  deposit.  This 
deposit  was  subsequently  found  to  bo  extremely  hai*d  end  porous  (Figure  20). 

36,  l  i.roscopical  oxaminrtion  of  a  longitudinal  section  cut  from  the  rod 
revo.  Id  a  rapid  change  in  microstructure  between  unoxposod  and  cijposecl 
rroas.  TIio  former  showed  a  spheroidised  structure  related  to  that  of  cho 
orig-aul  condition  of  the  material.  The  latter  v/as  found  to  consist  of 
coarse  martensite,  a  structure  normally  associated  v/ith  heating  to  tompera- 
tuTuS  ^.bovo  the  upper  critical  followed  by  rapid  cooling.  The  deposit  was 
foxnil  to  contain  primary  dendrites  of  martensite  in  a  fine  outecuic  mati*ix. 
Figure  21  shows  the  structure  after  Gtchii;g  at  the  sted/deposit  interface. 

37«  Ml  .ctron  Beam  X-Hay  microcnrlysis  of  the  dt;posit  showed  tliat  -uho  iron 
content  of  the  scale  was  l0fc  less  ttian  that  of  the  base  nctfl.  The  phos¬ 
phorus  aid  copper  contents  were  found  to  bo  approxiiiatoly  1$^.,  Figure  22 
shov/G  tho  uloctron  image  of  tlio  area  selected  for  analysis.  Figures  23 
and  ?J-,  rrc  imagos  for  phosphorus  and  iron  rospectivoly. 

Cpnc]ji^ipn^s^ 

38.  although  phosphorus  was  found  in  the  deposit,  the  ev.tcctic  ratrl:: 

Y/as  considered  to  be  essentially  transformed  Ledeburite.  This  structuro 
probably  resulted  from  a  temperature  exceeding  tho  equilibrium  liouilus 
i*e.  for  silver  stool  appro:dmately  1350^0. 

3>#  The  porous  nature  of  the  deposit  may  have  resulted  from  a  gas-forrdng 
reaction  siiailar  to  that  of  ’*carbon  boH’*  in  steel  making.  This  would  re- 
cuii'c  removal  and  oxidation  of  carbon  from  the  silver  otocl/cloposit  to  form 
cerbon  monoxide  by  the  reaction 

2C’  V  C2  2C0. 

hO.  Tho  tcmpercT.ure  et  the  top  of  tho  rod  may  also  have  boon  raised  .-bovo 
tho  gas  .troam  by  combustion  of  iron  to  phosphide. 
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The  protection  offered  by  o::i.  c  fiJ.Ks 
and  achering  coi-rosion  products  dvjring  static 
tests  (see  Farts  1  end  2)  was  not  roproAuciblo 
under  conbustion  conditions,  Tiio  action  of 
fast-noving  gas  and/or  liquid  droplets  cf 
nietaphosphoric  acid  led  to  oxtremjly  ra.pid 
and  high  notel  loss  in  the  conbustion  systen 
by  erosion  as  wdLl  as  corrosion. 

This  report  describes  the  i.iici’osco;t)iccl 
and  surface  characteristics  of  combustion 
components  aft^r  c xposuro  to  the  phosphorus- 
phosphcixis  scsquisulphido  (FPS)  combustion 
products,  The  eio^ninations  wore  carried  out 
at  various  stages  of  the  prograar.me,  prruici- 
pally  to  give  some  indication  as  to  tho  cause 
of  damage. 


cci:FiDnwT,j, 


be tachcblc  Abstract  Cards 


4^ 

O 


O 

s 

(]> 

•H 


6  K 
o  o 

^•S 


03 

O 

-P 

o 


g 

•H 

*P 

cJ 


§  § 


SI 


•  ^ 

D  O 

•  D 

<A  C 


^.a 


O  to 

+>  u 
u  2 


03  -P 

•S  ° 


03 

l! 


O  C3 


•P  ,q 


§ 

-fi 


CO 

'§ 


o 

03 


Defense  Technical  Information  Center  (DTIC) 
8725  John  J.  Kingman  Road,  Suit  0944 
Fort  Belvoir,  VA  22060-6218 
U.S.A, 


AD#:  AD396877 

Date  of  Search:  17  November  2008 
Record  Summary:  ADM  302/395 

Title:  A  corrosion  study  on  materials  for  use  with  phosphorus  and  sulphur  bearing  fuels:  pt 
3 

Availability  Open  Document,  Open  Description,  Normal  Closure  before  FOI  Act:  30  years 
Former  reference  (Department)  AUWE  Technical  Note  192/65  Pt  3 
Held  by  The  National  Archives,  Kew 


This  document  is  now  available  at  the  National  Archives,  Kew,  Surrey,  United 
Kingdom. 

DTIC  has  checked  the  National  Archives  Catalogue  website 
(http://www.nationalarchives.gov.uk)  and  found  the  document  is  available  and 
releasable  to  the  public. 

Access  to  UK  public  records  is  governed  by  statute,  namely  the  Public 
Records  Act,  1958,  and  the  Public  Records  Act,  1967. 

The  document  has  been  released  under  the  30  year  rule. 

(The  vast  majority  of  records  selected  for  permanent  preservation  are  made 
available  to  the  public  when  they  are  30  years  old.  This  is  commonly  referred 
to  as  the  30  year  rule  and  was  established  by  the  Public  Records  Act  of 
1967). 


This  document  may  be  treated  as  UNLIMITED. 


